Abstract. Alterations in variance of riverine thermal regimes have been observed and are predicted with climate change and human development. We tested whether changes in daily or seasonal thermal variability, aside from changes in mean temperature, could have biological consequences by exposing Chinook salmon (Oncorhynchus tshawytscha) eggs to eight experimental thermal regimes. Thermal variance impacted both emergence timing and development at emergence. Further, genetics influenced the magnitude of that response. Ecological implications include: (1) changes in thermal variability, independent of warming, have the potential to alter the timing of life history processes, (2) the commonly-used degree day accumulation model is not sufficient to predict how organisms respond to altered temperature regimes, and (3) there are likely to be genetic differences in how individuals and populations respond to future water temperature regimes.
INTRODUCTION
Aquatic temperature regimes, one of the key regulators of aquatic ecosystems worldwide, are changing both in terms of first-order processes (e.g., means) and also second-order processes (e.g., daily fluctuations, seasonal patterns, rates of change) (Mote et al. 2003 , Kaushal et al. 2010 , Mantua et al. 2010 . Climate change, dams, irrigation, and landscape conversion are all agents of changing stream and river thermal regimes that can lead to altered variance (Webb and Noblis 1995 , Schär et al. 2004 , Steel and Lange 2007 . It is well-understood both that increased water temperatures speed up metabolic rates of aquatic organisms and, therefore, alter the timing of life-history transitions such as egg hatching and fry emergence and that there are lethal thermal thresholds for many species. However, biological consequences of changing thermal variance, e.g., diel variation and seasonality, are not well understood but might be expected from first principles.
Physiological development in fishes and other aquatic organisms is a function of complex chemical reactions that are regulated by temperature (Eliason et al. 2011) . Under the thermal regime to which an organism is adapted, development is assumed to be timed so that key life history transitions are reached when an individual has progressed appropriately physiologically, behaviorally, and morphologically.
However, fluctuations in the temperature of the aquatic environment will likely have differential effects on, say, metabolism, than on bone morphogenesis. Therefore, changes in thermal variance alone may alter the timing or magnitude of biological processes. Traditionally, ecologists and aquaculturists, have used the total accumulated temperature units (e.g., degree days) to predict development rates in fishes and other aquatic organisms (Beacham and Murray 1990 ). Neuheimer and Taggart (2007) used a metaanalysis of 41 data sets to demonstrate that effects of temperature are linear over a midrange of temperatures; however, they only considered length-at-day as a potential physiological response metric. More complex models include a non-linear component in which temperature units delivered at higher temperatures have a stronger effect on development than temperature units delivered at cooler temperatures (Beacham and Murray 1990) . However, none of these models explicitly incorporate thermal variability or the kinds of second order thermal change that have resulted from past anthropogenic actions or that are expected as a result of global climate change.
We present results from an experiment designed to answer two questions about the potential ecological consequences of thermal variability at daily and seasonal scales. First, we asked whether thermal variation, within natural thermal ranges, during egg incubation would influence size, condition, development, or emergence timing of Chinook salmon. Second, we asked whether individual genetic lineages from within the same stock would respond similarly to altered thermal regimes. Our goal is to question whether ecologists, planners, and managers need to consider past and predicted changes in thermal variability, in addition to changes in mean temperature, in their conservation and management plans.
METHODS
To identify whether biological consequences of altered thermal variance alone were possible, we exposed 8 families of spring Chinook salmon eggs from the Yakima River, WA, to 8 thermal regimes during egg and alevin incubation; alevins are free-living embryos that subsist on internal yolk reserves. We observed these fish at emergence, a behaviorally mediated life history transition, when salmon swim out of benthic gravels and become free-swimming.
An equal number of eyed Chinook eggs (150 eggs) were placed in each of 64 emergence chambers (Appendix). Eggs represented 8 families, each of which contained eggs from only one of 8 females. Eggs from each female were fertilized by 1 of only 6 available males on 9-23-09. Thus there were 8 unique genetic lineages; two pairs of families shared a male parent due to the uneven sex ratio of available returning adults in that year. Eggs developed and hatched within the chamber relatively soon after they were loaded. Most of the incubation time consisted of alevin development. Near the end of this developmental period, most alevins had little if any visible yolk left and morphologically resembled fry, free-swimming juvenile fish. Chamber design (Appendix) allowed fry to volitionally swim to the upper part of the water column where they were washed into a catch cup and counted each morning. We also recorded mass, length, and yolk sac condition for all individuals unless more than 10 fish emerged from a particular thermal regime for a particular genetic lineage. In this case, a subsample of 10 fish were measured and assessed. Yolk sac condition was assessed as fully developed if the yolk sac was fully absorbed with only a faint abdominal line present.
Thermal regimes
Experimental water temperatures were within the natural thermal range experienced by Chinook salmon. They were created by a submerged heater on a simple mechanical timer in a head tank and designed to explore variation at two temporal scales, daily and seasonal (Fig. 1) . Two thermal regimes (Fig. 1A , G) were targeted to be as stable as possible at 58C and 108C respectively. We added daily variation from 5-108C (Fig. 1B) , seasonal variation in which temperatures were reduced one degree per week and then warmed one degree per week (Fig. 1C) , and daily plus seasonal variation (Fig. 1D) . We also designed two extreme examples of thermal fluctuation. Extreme seasonal variation was targeted to flipflop between 58C one week and 108C the next (Fig. 1E ). Extreme daily variation was targeted to be a thermal regime in which the temperature cycled from 5-108C twice daily (Fig. 1F) . Our final thermal regime was targeted to be 108C with daily variation up to 138C (Fig. 1H) . We note that this final thermal regime included water temperatures that were warmer than the range of the other thermal regimes.
We did not design our thermal regimes to mimic those that might be found either in the free-flowing river or in the hatchery. For reference, average water temperature in a typical year for the Yakima River, the origin of our Chinook salmon, decreases from about 118C in midOctober to about 38C in mid-January and Temperature was recorded hourly for the duration of the experiment. Accumulated temperature units (TU) were defined as 18C over one day and calculated as degrees Celsius above 0 multiplied by the number of days exposed. For example, eggs exposed to a constant 108C for 10 days have accumulated 100 TU. TU were calculated hourly for each thermal regime and TU accumulated on a given day were assessed at 11 am.
Chinook salmon eggs
All adult parents of the fish used in our experiment returned naturally to the Yakima River and were collected at Roza Dam in June and July of 2009. They were transported to the hatchery where they were held until spawning. Fertilized Chinook salmon eggs were taken from the Cle Elum hatchery on 10 November 2009 after having accumulated 395 temperature units (TU) (C) in a shared environment. Embryos had developed eyes at this stage. They were kept in egg trays at 58C for two days at NOAA's Northwest Fisheries Science Center experimental hatchery and were then transferred into the emergence chambers on 12 November 2009, having accumulated a total of 400.1 TU (C).
DATA ANALYSIS
Length, weight, and condition index were calculated for all measured fry with no yolk sac protruding from abdomen whether or not the abdomen was fused. These response variables were reasonably normally distributed. The response variable for emergence timing, TU125 (temperature units accumulated until 125 of the 150 fish had emerged) was also normally distributed. ANOVA and t-tests were conducted using simple linear models with factors representing thermal regime or family as the predictor variables. We identified significant results as those with P , 0.01 because we were interested in minimizing our risk of ignoring or missing effects of thermal variance.
Three separate tests were conducted to explore the effects of thermal variance on the number of accumulated temperature units required for emergence. For completeness, TU125 was compared across all 8 experimental thermal regimes; however, the regime that fluctuated daily between 10-138C included higher temperatures for which some non-linearities in the relationship between temperature and development might be expected. To investigate only the part of the temperature range which is presumed linear, we compared TU125 across only the 7 thermal regimes that fluctuated between 58C and 108C.
To isolate degree day delivery or thermal variance, we also conducted a t-test to compare TU125 for the thermal regime with daily variation (5-10D) and the thermal regime with twice daily variation (5-10d), the two regimes that fluctuated between 58C and 108C daily. These two regimes accumulated approximately the same number of TU each day but these thermal units were delivered in dramatically different ways.
Our experiment was not designed to test for the interaction of temperature and genetics; however, each family had both a mean TU125 across the 8 thermal regimes and 8 absolute deviations from that family mean. Families with larger absolute deviations from the family mean TU125 are those with a larger reaction to differences across thermal regime. To test for a genetic response, we fit an ANOVA model to the absolute deviations from the family mean TU125. The validity of this test depends on the absence of a relationship between the family-mean response to thermal regime and the magnitude of the absolute deviations from that mean response. We saw no evidence of such a relationship in our TU125 data.
The proportion fully developed (PFD) can be considered a binomial response with the numerator equal to the number of fully developed fish that emerged from a given chamber and the denominator equal to the total number of fish that emerged from that same chamber. Note that because we sub-sampled the fish when more than 10 fish emerged from a given chamber on a given day, we had to apply an assumption in order to estimate the total number of fish that emerged fully developed. We assumed that, once all the fish in the subsample from a particular chamber on a particular day were fully develv www.esajournals.org oped, all the fish emerging thereafter were also fully developed. Our observations suggest that there were very few, if any, exceptions to this assumption. Tests of the effect of thermal regime and family on PFD were carried out using generalized linear models (binomial family) with factors representing thermal regime or family as the predictor variables. Because of the inherent relationship in binomial data between the mean and the variance, we could not test for a difference across families in the absolute deviations of the response to thermal regime.
RESULTS

Thermal regimes
Eight distinct thermal regimes were created with simple equipment (Fig. 1 ). Variation at daily and seasonal scales was observable in the realized thermal regimes. The regimes that were targeted to be stable contained quite a bit of variation; however, this variation was minor compared to the induced daily and seasonal variation (Fig. 1) . Because of an unseasonably warm year, the chiller was rarely able to provide water at a 58C. All thermal regimes with week, day, or part of a day targeted at 58C were affected similarly (Fig. 1) . Disappointingly, the chiller failed for one day in early March ( Fig. 1) but we don't believe the failure had a strong influence on our results or conclusions. When the failure occurred, emergence had already begun in all thermal regimes and all fish had already emerged from 5 of the 8 thermal regimes. We did not observe a spike in emergence directly after the spike in temperature; the unplanned temperature spike was, of course, included in all calculations of accumulated temperature units.
Chinook salmon emergence
There was no evidence of significant differences in length, weight, or condition of fish exposed to different thermal regimes (all Ps . 0.80).
Thermal variability had a strong and significant (P , 0.001 comparing all regimes) influence on emergence timing ( Fig. 2A and Table 1 ). Eggs exposed to the most stable regimes, targeted at either 58C or 108C, accumulated a mean of 1160 and 1155 TU, respectively, before 125 fish had emerged. Eggs exposed to variable temperature regimes within this same range, targeted at 58C to 108C, accumulated significantly different numbers of TU before the majority (125) of fish had emerged (P ¼ 0.026). A comparison between the two thermal regimes that fluctuated between 58C and 108C once versus twice daily is particularly interesting. Both regimes delivered similar TU on a daily basis; fish exposed to the extreme pattern of double daily variation accumulated significantly more TU before emergence than fish exposed to the more natural pattern (P ¼ 0.091).
We also saw significant differences in the proportion of fish that were fully developed at emergence across all thermal regimes (P , 0.001) and across even just the regimes that fluctuated between 58C and 108C (P , 0.001) (Fig. 3 and Table 1 ). Fish exposed to the more natural seasonal pattern emerged with visible yolk sac 4 times as often as fish exposed to the extreme seasonal flip-flopping regime (alternating between 58C and 108C weekly). By combining our results on emergence timing and proportion fully developed, we note that fish exposed to the two extreme thermal regimes (fluctuating between 5-108C twice daily, alternating between 5 and 108C weekly) emerged more fully developed and having accumulated more TU.
We expected and found significant differences in length, weight, and condition index (all Ps ,0.001) across the 8 families. There was also a significant difference in TU125 across the 8 families (P ¼ 0.007) ( Table 2 ). Somewhat surprisingly, there was a dramatic difference in the variability of the response to altered thermal regimes across families (Fig. 2B) . The absolute deviation from mean TU125 across the 8 thermal regimes was significantly different across families (P ¼ 0.069) (Fig. 2B and Table 2 ), indicating an interaction between genetics and the effect of thermal variance on emergence timing.
DISCUSSION
Traditional degree day models explaining the effects of mean temperature on life-history timing in Chinook salmon are insufficient to explain our results. The insufficiency of a simplifying model or rule of thumb is not necessarily worthy of interest; however, this simplifying model has led us to ignore a critical element of riverine thermal regimes, temporal variability, which is simultaneously being altered v www.esajournals.org through multiple anthropogenic activities including dam-building (Steel and Lange 2007) and climate change (Webb and Noblis 1995, Schär et al. 2004 ). We have demonstrated that, in fish, thermal regimes which might appear similar with respect to mean temperature or total degree days may produce important differences in emergence timing and/or physiological status at emergence. Using results from the two regimes that varied daily between 58C and 108C, we estimate that altered variance alone (with relatively little change to the daily mean temperature) could lead to a difference in emergence timing of nearly a week in streams with winter temperatures averaging 38C. Predictions of sublethal impacts and future species distributions are likely incomplete when they consider only mean or maximum temperatures.
The ecological implications of altered life history timing or of differences in development v www.esajournals.org stage at emergence for Chinook salmon and for aquatic communities are far-reaching. Emerging a few days earlier or a few days later may directly affect survival by changing available food resources at emergence, altering environmental conditions, e.g., flow, at emergence, or shifting the timing of later life history transitions . Indirect effects through altered food resources and changes in interspecies competition are also likely given that algae, invertebrates, amphibians, and other fishes all have life history transitions that are regulated by thermal regimes. Note that shifts in lifehistory timing resulting from altered thermal variability will likely be accompanied by shifts resulting from altered thermal means, either balancing or compounding phenological change. One can envision scenarios in which emerging both later and more mature might reduce or increase the probability of survival (Holtby and Scrivener 1989) . However, our results do not suggest that fish might be emerging longer or heavier. As results from a meta-analysis by Neuheimer and Taggart (2007) might have predicted, we did not find significant effects of thermal variance on fish length or weight at emergence.
Our results identify a previously undocumented genetic component of Chinook salmon response to variance in stream temperature regimes. Few studies have documented withinspecies or even within-genus variation in fish tolerance to thermal maxima (McCullough et al. 2009 ). Yet, we suggest that there may be considerable within-population variability in sub-lethal responses to how temperature units Table 1 . Mean temperature units accumulated until 125 fish emerged (TU125) and probability of fish emerging fully developed (P(fuldev)) across thermal regimes. Thermal regimes are defined in Fig. 1 Notes: P values for TU125 reflect comparisons across all 8 thermal regimes; across the 7 thermal regimes that varied only between 58C and 108C using ANOVA; and for a regime pair of interest, the two regimes that fluctuated between 58C and 108C daily using a t-test. P values for P(fuldev) reflect the same comparisons except for the regime pair of interest which is now the natural seasonal versus the flip-flopping seasonal regime. Results shown for P(fuldev) are from a chi-square test comparing the fit of a binomial model on the thermal regimes versus a null model. Fig. 3 . Proportion of fish that were fully developed at emergence by thermal regime. Thermal regimes identified as in Fig. 1 . Center line of each box represents median; box describes the interquartile range; whiskers represent data that are within 1.5 times the interquartile range.
v www.esajournals.org are delivered. Some populations or even families may be genetically pre-disposed to respond or not respond to subtle future changes in thermal regimes and this predisposition could lead to increased risk of population declines and/or increased opportunities for adaptation (Angilletta et al. 2008) .
Genetic response and local adaptation to thermal regimes might result from both mean temperature and variance in temperature. Beckman et al. (2008) identified genetic effects on emergence timing even under a common thermal regime. Murray and McPhail (1988) identified species differences in the relationship between temperature and emergence timing suggestive of adaption to particular thermal regimes that maximize survival and maintain favorable emergence timing. A recent review of effects of parentage on the effects of temperature at early life histories (Burt et al. 2011 ) indicates a strong need to more closely examine intergenerational responses to water temperature patterns.
Research on diverse species suggests that temporal variance in temperature, independent of the actual temperature, may have significant implications for phenology of critical life history transitions and production of natural resources. Wheeler et al. (2000) argue, for example, that variance in temperature during critical stages of crop development could affect crop and seed yields. Harrington et al. (2010) demonstrate that fluctuations between warm and cool temperatures are essential for predicting the date of budburst in Douglas-fir (Psuedotsuga mensiesii ) forests. Even midge (Chironomidae) emergence patterns are often strongly tied to diel water temperature variations (Ward and Stanford 1982) . Despite the evidence across such a wide range of taxa and indications that future climates will differ from current climates with respect to thermal variance, there is surprisingly little research exploring the effects of degree delivery on phenology, individual fitness, or food web dynamics.
Ecology and conservation planning often consider spatial heterogeneity in riverine thermal regimes (e.g., Cooper et al. 1997 , Arscott et al. 2001 ) but rarely temporal heterogeneity in these thermal regimes. Spatial priorities are most often based on first-order temperature metrics, such as expected increases in mean summer temperatures; yet, thermal regimes in some areas, e.g., reaches downstream of urban areas and watersheds predicted to change from snow to rain dominated hydrographs, are likely to experience radical changes in temporal heterogeneity at multiple time scales. Further research into the implications of altered thermal variability can provide improved identification of conservation priorities. For example, landscape models to predict future species distributions often use 'climate envelopes' that include thermal means, precipitation, and seasonality but climate envelopes may also need to include the predicted changes in temperature variability (Schär et al. 2004) .
Water temperature is also a key component of water quality regulations (Coutant 1999) . Our results suggest that management of hydropower operations, wetland mitigation, or conservation planning need to consider the natural temperature regime (Poole et al. 2004) in its full complexity, rather than create predictions based on total temperature units delivered in a given period of time or lethal thresholds. Natural thermal regimes are complex (Arscott et al. 2001 ) and the emphasis on lethal maxima which underlies most water quality standards may be 
SUPPLEMENTAL MATERIAL APPENDIX CHAMBER DESIGN AND EXPERIMENTAL SET-UP
Eight emergence chambers (each one containing 150 eggs from one of 8 families) were fed by each of eight head tanks (Fig. A1) . The position of the families with respect to the head tanks was systematically shifted at each head tank so that no one family was always closest or furthest from the head tank. Lights in the hatchery simulated natural photoperiod; however, very little light was able to enter the emergence chambers. Most chambers were built of white PVC pipe and tightly capped. The end chamber for each head tank was built of transparent PVC to allow visual inspection of egg placement and development at occasional intervals. During the experiment, these end chambers were covered with black foam that did not allow light to penetrate.
Each emergence chamber was filled with 40 hollow plastic spherical cages and then topped with 2-cm diameter glass marbles to prevent floatation (Fig. A1 ). Eggs were poured into the chamber on top of the plastic spheres and before the placement of the marbles. Visual inspection confirmed that most eggs filtered to the bottom of the chamber and no eggs were left at the very top of the plastic spheres. Water level was approximately 5cm above the marbles in each chamber.
The chambers were designed to assess the behavioral act of emergence from gravel. Fry could migrate upwards and stay in the water column above the marbles or outmigrate through a small divot in the upper rim of the emergence chamber. After leaving the emergence chamber, outmigrating fry were trapped in a cup through which water drained via a mesh-covered outlet. Fry were collected and counted at approximately 11 am each day. Fry were euthanized with MS-222 (Argent Chemical Laboratories, Redmond, WA). All fry or a subsample of 10 fry, if more than 10 fry emerged from any one chamber on any one day, were weighed and measured.
Flow to each chamber was monitored daily and was approximately 5 ml/s. Water to all head tanks used the experimental hatchery's filtered, re-circulating water system. Water to the two head tanks with a base temperature of 108C came directly from the City of Seattle's public water source following dechlorination through a charcoal filter; water to the other 6 head tanks was chilled to approximately 58C in a large cooling tank before being routed to the experimental head tanks. Mortality in the chambers was very low and, in most chambers, more than 145 of the 150 fish emerged. In one chamber (Panel E in Fig.  1 , 5-10s; Family F), flow was temporarily constrained by algal growth, oxygen flow was cut-off and many fish died or emerged in response. Results from this chamber were not included in data analysis. Fig. A1 . Experimental set-up: (A) photograph of emergence chambers; (B) schematic of internal chamber structure describing placement of eggs among plastic balls and use of marbles to prevent plastic balls from floating; (C) schematic of plumbing design identifying how ambient and chilled water were circulated through the system as well as how the 8 families were arranged to prevent bias. v www.esajournals.org
